groups were also determined, and the traits plant canopy width (56.05%)
INTRODUCTION
The Capsicum genus in the family Solanaceae comprises five domesticated species, Capsicum chinense Jacq., C. annuum L., C. frutescens L., C. pubescens R. et P., and C. baccatum L. (IBPGR, 1983; Pickersgill, 1997) , and 22 wild species (Bosland, 1994) . C. frutescens L. is one of the most known species in the genus, usually Tabasco type. However, solely two morphological types are widely cultivated, the malagueta hot pepper, as it is known in Brazil, from the Amazon Basin, and Tabasco, originated from the Tabasco region of Mexico, grown in the United States since 1840, which is largely used in the production of sauce (Jarret et al., 2007) . The Brazilian malagueta is the largest grown and consumed hot pepper type throughout the country, especially in the States of Minas Gerais and São Paulo (Southeast region), the State of Bahia (Northeast region) and the State of Goiás (Midwest region). Moreover, in the State of Ceará (Northeast region), Tabasco is also grown for exporting as a paste for the sauce.
In Brazil, a few records on hot pepper acreages and yield are available, which do not reflect the current economic position occupied by the crop. Hot peppers are primarily grown by small farmers in a total family agriculture system, in several localities of the country. According to Carvalho et al. (2015) , about 5000 hectares are annually grown with hot peppers and total fruit production may reach around 75,000 tons. Yield tends to be very variable, records ranging from 5 t/ha to 50 t/ha (Ribeiro et al., 2015) , depending on many factors, such as the type of hot pepper planted.
Hot peppers are grown by small-, medium-, and large-scale farmers, the cultivation fitting the small farmer models, as an alternative crop considered an important source of income to attend the fresh and the processed markets. However, just a few cultivars reaching good standards of purity and genetic stability are available to growers in the Brazilian market. Furthermore, the majority of growers tend to produce and use their seeds by saving seeds from previous plantings, undergoing low germination rates, because of low seed quality and risk of carrying pathogens . The development of new malagueta cultivars with desirable characteristics, such as agronomic and processing traits of interest, is highly desirable for improving the hot pepper agribusiness competitiveness in Brazil. Such approach, however, depends on the genetic resources preserved and available in germplasm banks, which is the basis for pepper breeding programs by improving efficiency and crop production. The Capsicum Germplasm Bank of the Brazilian Agricultural Research Corporation (Embrapa) started in the 1970's (Reifschneider et al., 2016) . Nowadays, it stores over 4,000 domesticated, semi-domesticated, and wild pepper accessions collected from different Brazilian regions, comprising two centers of genetic diversity for Capsicum species ). Accessions of the Embrapa's Germplasm Bank have a wide variability of fruit traits such as color, shape, flavor, the degree of pungency, as well as useful resistance to the major pepper diseases .
Characterization of the genetic variability found in a germplasm bank is one of the first and the most important steps towards developing a breeding program. The information generated through detailed investigation on crop features including morphologic, molecular, and other traits of interest allows identifying duplicates and selecting genotypes of interest for breeding purposes (Engles and Visser, 2003) . To guide this characterization, the Bioversity International, formerly IPGRI (International Plant Genetic Resources Institute), provides a list of morphological descriptors internationally accepted and considered as a standard for economically important crops, including the Capsicum species (http://www. bioversityinternational.org/research/conservation/sharing_information/descriptor_lists.htm).
A combination of plant, flower, and fruit traits was used to characterize the Embrapa's C. frutescens collection and to identify promising and useful hot pepper accessions to be employed in breeding programs. In addition to the morphologic approach, molecular analysis of genotypes was also performed, since it improves characterization accuracy, by providing a complementary map of the genetic variability in a Germplasm Bank and identifying traits of interest.
The use of molecular markers, complementing morphological characterization data, has been a useful approach that helps to access genetic diversity in germplasm collections. However, available data on the genetic diversity of hot pepper by using molecular tools is still quite limited. Molecular techniques such as RAPD (randomly amplified polymorphic DNA), RFLP (restriction fragment length polymorphism), SSRs (simple sequence repeats), AFLP (amplified fragment length polymorphism), and microsatellites have been employed for estimating genetic diversity among and within Capsicum species (Baral and Bosland, 2004; Costa et al., 2009; Moses et al., 2014; Dhaliwal et al., 2014; Buso et al., 2016) . The molecular marker RAPD has been used as a simple method able to detect DNA polymorphisms, at relatively low costs (Spooner et al., 2005) .
Among the diseases that affect Capsicum spp., viruses are the main constraint to hot pepper production, especially to C. frutescens, around the world, including Brazil.
The potyviruses (family Potyviridae, Potyvirus genus) Pepper yellow mosaic virus (PepYMV), and Potato virus Y (PVY), the orthotospoviruses (family Tospoviridae, Orthotospovirus genus) Tomato spotted wilt virus (TSWV), and Groundnut ringspot virus (GRSV), the tobamovirus (family Virgaviridae, Tobamovirus genus) Pepper mild mottle virus (PMMoV), and the cucumovirus (Bromoviridae family, Cucumovirus genus) Cucumber mosaic virus (CMV) are among the most important viruses infecting hot peppers worldwide (Inoue-Nagata et al., 2002; Pernezny et al., 2003; Lima et al., 2011a) and causing yield losses. Furthermore, investigation of sources of resistance to viral diseases in a hot pepper germplasm collection is mandatory for identifying potential genotypes for breeding purposes.
The objective of this study was to characterize a set of 26 genotypes of malagueta and Tabasco hot peppers (C. frutescens) from the Embrapa Germplasm Bank regarding morphological and molecular traits, as well as virus resistance, aiming to the selection of promising accessions for deployment in breeding programs.
MATERIAL AND METHODS

Accessions
Field and in insect-proof greenhouse assays were carried out in the Experimental Station of Embrapa Vegetables, Brasília, DF, Brazil, located at 15°56'32''S and 48°08'25''W, elevation 998 m, in a distroferric red soil. Morphological and molecular characterization, as well as virus incidence, was performed on a set of 21 malagueta and five Tabasco hot pepper (C. frutescens L.) accessions from the Embrapa's Capsicum Germplasm Bank. Seedlings were obtained by pre-germinating seeds in plastic boxes type Gearbox (11 x 11 x 3.5 cm) on moistened filter paper in a 0.2% KNO 3 (w:v) solution to break dormancy. Then, seeds were maintained at 30°C for 8 h in the absence of light and at 20°C for 16 h under fluorescent light. Eight to ten days later, seedlings were transferred to trays with 72 cells containing a mixture of an organic substrate (Plantimax ® ) and soil (1:1, v/v), and they were maintained in a greenhouse for 30-45 days. Seedlings were transplanted to the field and also in 10-L plastic pots containing sterile soil (120°C for 1 h) in a screen house. In the field, 0.60 m spacing was used between plants and 1.2 m between rows. Fertilization was carried out according to the standard practices recommended for pepper production systems (Alcântara and . Sprinkling irrigation was used in the field, and dripping irrigation was used in the screen house.
Morphological characterization
The evaluation of morphologic traits was performed both in the field and in a screen house. Fifty-three descriptors recommended for Capsicum and established by the IPGRI (1995) were employed including 15 vegetative (seedling traits were disregarded), 13 inflorescence, 22 fruit, and 3 seed. Fruit position, fruit aroma, and first branch height were also measured, totalizing 56 descriptors. All data were collected from five plants per accession and ten fruits per plant. Fresh fruit weight was taken from 20 units per plant. Agronomic traits of interest associated with flower (flower position; the number of flowers per axil), fruit (days to fruiting; the color of mature fruit; fruit weight; fruit length; fruit width), and production were evaluated only in field-grown plants.
Based on averages of morphological traits, coefficients of genetic dissimilarity were estimated for each pair of accessions, according to the average standardized Euclidean distance (Steel and Torrie, 1980) . Then, the matrix of genetic dissimilarity was used for cluster analysis based on the unweighted pair-group method arithmetic average (UPGMA). The cophenetic correlation coefficient (r) calculated between the original genetic distance matrix and the distance represented by the dendrogram between pairs of genotypes was used to estimate the adjustments between the dissimilarity matrix and the resulting dendrogram (Sokal and Rohlf, 1962) , using the NTSYS pc 2.1 program (Rohlf, 2000) .
Dispersion analysis was carried out according to multidimensional scales by the method of main coordinates, based on the genetic distance matrix. Eleven quantitative descriptors were further examined in a separate analysis including five vegetative traits (stem length; stem diameter; plant width; days to flowering; days to fruiting), and six fruit (wall thickness; the number of locules; fruit length; fruit width; fruit weight; fruit peduncle length). Data analysis was carried out with SAS (SAS Institute Inc., 1989) and Statistica (StatSoft Inc., 1999) . Clustering of the accessions was done with a support of UPGMA analysis. The relative contribution of each quantitative trait to the genetic diversity was determined according to Singh (1981) , using the Genes statistical program (Cruz, 2004) .
Molecular characterization
A set of 498 random primers (Operon Technologies, USA) for RAPD were tested against a collection of hot pepper genotypes for selection of oligonucleotides able at generating reproducible and high-intensity polymorphic amplicons among accessions. Primer screening was supported by comparative analysis of molecular patterns produced by six hot pepper accessions (CNPH 2871; CNPH 3649; CNPH 3630; CNPH 3612; CNPH 3374; CNPH 3453) having distinct morphological traits and which were considered as representative of the C. frutescens variability in the Germplasm Bank. The group was composed by an accession having a yellow fruit color at maturity (CNPH 2871), a malagueta with excessive pilosity (CNPH 3649), a Tabasco (CNPH 3630), two common malaguetas (CNPH 3374 and CNPH 3612, the latter being highly productive), and a hot pepper with a yellow fruit color when ripe (CNPH 3453). Apical young leaves collected from greenhouse-grown plants were subjected to genomic DNA extraction, by using a modified 2X CTAB method. Estimative of DNA concentration was carried out using λ DNA (Invitrogen, Carlsbad, CA, USA) as standard. The integrity of extracted DNA was checked on 1% agarose gel electrophoresis stained with ethidium bromide and visualized under ultraviolet light. Amplification reactions were prepared as follow: 1.25 µL 10X PCR buffer (200 mM Tris-HCl, pH 8.4; 500 mM KCl); 0.60 µL 50 mM MgCl 2 ; 0.50 µL 10 mM dNTPs; 2.0 µL 100 µM primer; 1 U enzyme Taq DNA Polymerase (Invitrogen); 2.0 µL total DNA (25 ng/µL) and, 5.95 µL deionized water in a total volume of 12.5 µL. For testing accuracy and avoiding detection of unstable polymorphisms, samples were analyzed in duplicate. Thus, any generated information with the possibility of raising doubts about the occurrence of polymorphism or its reproducibility was disregarded. PCR amplification was performed in a thermal cycler (GeneAmp PCR System 9700) using the following parameters: 2 min at 94°C followed by 35 cycles of 0.5 min at 94°C, 1 min at 36°C, and a 1.5-min extension at 72°C; and a final extension of 10 min at 68°C. Amplified PCR products were analyzed for polymorphism detection in a 1.5% agarose gel electrophoresis, in running buffer 1X Tris-borate-EDTA (TBE) (0.09 M Tris-borate; 0.002 M EDTA), after ethidium bromide staining (12.5 ng/mL). Gels were electrophoresed at 100 V for 2.5 h and visualized under ultraviolet light.
To generate an array of binary data, presence or absence of RAPD fragments on the gel was scored for each primer as '1' and '0', respectively. Molecular similarity (MS) for each pair of accessions was estimated from the RAPD matrix using the Jaccard's algorithm on the Genes software (Cruz, 2004) . Dissimilarity coefficients were calculated by subtracting MS from the unit value (1 -MS) and used for dendrogram construction with the UPGMA cluster algorithm. The average dissimilarity between accessions was calculated by the NTSYS-pc software and clustering of genotypes was based on the resulting value (Rohlf, 2000) . A vertical dashed line was drawn at this corresponding position in the x-axis to cut the dendrogram and separate accessions into groups. The consistency of clustering was evaluated by 1000 bootstrap simulations using the Genes software.
Assessment of virus incidence
Four field trials were conducted at the Experimental Station of Embrapa Vegetables, Brasília, DF, Brazil, to assess virus incidence in 26 hot pepper genotypes. Plantings were established during two consecutive growing seasons (January to August/2009; August to January/2010) by transplanting 30-day-old seedlings produced in the greenhouse. Virus sources in the field consisted of pepper plants naturally infected with viruses and exhibiting typical symptoms of viral infection, confirmed by DAS-ELISA (double-antibody sandwich-enzyme-linked immunosorbent assay; Clark and Adams, 1977) using polyclonal antibodies against each virus.
Virus incidence was evaluated by collecting leaf samples at approximately 60 days after seedling transplant to the field when characteristic and distinct symptoms of viral infection (mosaic; mottling; reduction of leaf size; plant stunting; leaf distortion; chlorotic rings) could be observed in plants.
A total of 307 leaf samples ranging in average from 8 to 18 plants per accession were collected for serological testing. Plants displaying or not displaying typical virus symptoms were individually sampled and subjected to analysis by DAS-ELISA, using specific antisera against orthotospoviruses (TSWV and GRSV), potyviruses (PVY and PepYMV), a tobamovirus (PMMoV), and a cucumovirus (CMV), the most important group of viral agents infecting Capsicum species.
Virus identification was performed in each plant aiming at generating incidence data for each virus species in each accession. An individual sample consisted of shoots and leaves collected from 3-4 different branches of the same plant, to compose a sample considered as representative per plant.
Samples were individually identified in plastic bags and were maintained on ice in Styrofoam boxes, immediately subjected to a serological test or maintained at 4°C until processing. Plant extracts were obtained by grinding of leaves in extraction buffer (1.4 M NaCl; 0.02 M KH 2 PO 4 ; 0.08 M Na 2 HPO 4 .12H 2 O; 0.02 M KCl; pH 7.4), in the proportion of 1:10 (w:v; g/mL). Pepper plants (Capsicum annuum L.), cv. Ikeda, mechanically inoculated with each virus or not were used as positive (infected) and negative (healthy) controls, respectively, in the detection tests. Antibodies and conjugates were used at a concentration of 1 mg/mL, and readings of absorbance values were taken at 405 nm in a plate reader (Titertek Multiskan). In assessing virus incidence, samples were considered as positive and, therefore, infected with the specific virus, when absorbance values of the reading were at least three times higher the mean value recorded for the extract used as negative control. Thus, absorbance values below the standard adopted were considered as an indicator of the absence of infection by viruses (Sutula et al., 1986) . The percentage of infected plants with each virus species was classified as follow: L = low (up to 20% of infected plants), M = average (20.1 -30% of infected plants), H = high (>30% of infected plants).
RESULTS
Morphological characterization
Morphological characterization of C. frutescens accessions using IPGRI (1995) descriptors allowed the identification of genetic variability among the 26 genotypes (Figures 1  and 2 ) having different geographical origins and diverse characteristics of fruit. Of 56 descriptors, 15 were monomorphic for all the 26 hot pepper accessions, indicating the absence of genetic variability among genotypes for these traits. From these, at least eight descriptors were absent. The other non-polymorphic traits were as follow: stem pubescence (sparsely), leaf margin (entire), pose flower (erect), corolla color (greenish-white), fruit shape (stretched), seed color (yellow), and seed surface (smooth).
Six major groups of accessions were determined (Figure 1 ), according to the average dissimilarity values between accessions (0.2797) generated from the genetic dissimilarity matrix data. Group I comprised the majority of accessions (13), Groups II and III comprised two accessions each, Group IV comprised six, and Groups V and VI comprised two and one accessions, respectively.
Group I, the largest one, included diverse genotypes having broad geographical representation in Brazil. About 86.3% (11) were collected in the five Brazilian regions (North; Northeast; South; Southeast; Midwest) and one in the United States. Data on fruiting were very variable for days to fruiting (from 47 to 135 days); weight (0.3 to 1.0 g); length (1.5 to 3.2 cm); width (0.5 to 1.8 cm), and wall thickness (0.4 to 1.2 mm).
Accession CNPH 1386, collected in the Arapiraca County, in the State of Alagoas (AL), and CNPH 3000, from the Asian Vegetable Research Development Center (AVRDC), formed Group II. Both accessions had similar traits regarding vegetative part (growth habit, the density of branching, anthocyanin nodal, foliar density, and pubescence) and fruit (color of the fruit when ripe, the degree of pungency, and fruit aroma). Both genotypes also exhibited distinct fruit characteristics (color when immature; persistence; fruit length and width; wall thickness; fruit weight; pedicel length, and the number of seeds per fruit). Fruits of CNPH 1386 were bigger, had low persistence, were green when immature, and produced 20-50 seeds per fruit; while CNPH 3000 produced smaller fruits of a yellow color when immature, were persistent, and produced less than 20 seeds per fruit.
Group III was formed by two accessions (CNPH 3257 and CNPH 3649) collected respectively in the Northeastern Brazil, at São Luis County, in the State of Maranhão and Teresina County, in the State of Piauí. Accession CNPH 3649 diverged from the other 25 accessions by presenting sparse foliage and branching density, one flower per axil, an intermediate corolla form, and a fruit weight of 1.3 g. Two descriptors (dense leaf pubescence; stigma position) differentiated these two genotypes from the other ones. For both accessions, the stigma position was on the same level as the anthers, differing from the majority of the other genotypes, which showed stigma above the anthers (excerpt).
Group IV consisted of a different cluster of six accessions, originated from Brasília (DF) and different Brazilian locations: Belém and Castanhal, in the State of Pará (PA); Iranduba, in the State of Amazonas (AM); and São Paulo State (SP). The fruit was persistent and red colored when ripe. Variability was verified for canopy width (90-137 cm), stem length (22-31.8 cm), and stem diameter. Accession CNPH 3835 had the largest stem diameter (2.6 cm) among the 26 genotypes. Variability was also found for flowering and fruiting stages: days to flowering from 41 (CNPH 3462) to 74 (CNPH 2744) and the number of flowers per axil from 1-2 (CNPH 2744; CNPH 3667; CNPH 3462) to 2-4 (CNPH 3286; CNPH 3374; CNPH 3835). Days to fruiting varied from 70 (CNPH 3462) to 132 (CNPH 3374) and fruits diverged on weight (0.3 to 1 g), length (1.6 to 2.9 cm), and width (0.5 to 1.6 cm).
Two accessions collected at Guajari Mirim and Porto Velho, in the State of Rondônia (RO), in the Northern Brazil formed the Group V. Stem length varied from 25 cm (CNPH 2870) to 33 cm (CNPH 2871), and stem diameter varied from 1.5 cm (CNPH 2870) to 1 cm (CNPH 2871). These accessions also diverged at fruit characteristics such as color at maturity (red and yellow, respectively, for CNPH 2870 and CNPH 2871); fruit length (from 2.5 cm for CNPH 2870 to 3 cm for CNPH 2871), fruit width (from 0.5 cm for CNPH 2870 to 0.8 cm for CNPH 2871), and fruit weight (from 0.4 g for CNPH 2870 to 0.8 g for CNPH 2871).
Group VI consisted of solely one accession (CNPH 3453) from Manaus, in the State of Amazonas (AM), Northern Brazil. It was an early accession, presenting 41 days to flowering; however, it produced a small number of flowers per axil, only 1-2. The fruit was persistent, very hot, average flavored, with the largest weight (1.1 g), the greatest length (3.9 cm), and one of the thickest wall (0.9 mm) among all accessions. Besides, it had a pedicel length of 3 cm and produced up to 20 seeds per fruit. Fruits were green when immature and yellow when ripe. Two unique features recorded for CNPH 3453 were placenta length (from ¼ to ½ of the fruit length), and fruit presenting three locules. All other accessions presented bilocular fruit and placenta length greater than half-length of the fruit.
Quantitative traits
Analysis of a set comprising eleven quantitative descriptors (stem length; stem diameter; plant width; days to flowering; days to fruiting; fruit wall thickness; number of locules; fruit length; fruit width; fruit weight; fruit pedicel length) defined six distinct groups (Figure 2 ) similar to the morphological characterization (Figure 1 ). Group I comprised the majority of accessions (20) and Group II, only two accessions. The other groups had exclusively one accession each. The relative contribution of each quantitative trait determined by Singh's method (1981) indicated that plant canopy width (90 to 199 cm) and days to fruiting (47 to 155 days) were the most efficient traits to explain the genetic diversity among accessions, 56.05 and 25.07%, respectively. Days to flowering (47 to 155 days) and stem length (22 to 62 cm) accounted for 13.28 and 5.55% of the genetic variability, respectively. Inputs from each of the other seven remaining characters were not significant, less than 1%. Comparison between both morphological analyses, in one hand the analysis held in the full set of 56 traits (Figure 1 ) and, on the other hand, the analysis considering 11 quantitative descriptors (Figure 2) , showed partial match of accession clustering, higher than 57% (15 accessions). These data indicate the importance of quantitative traits in the definition of groups. Group I of both analyses gathered 11 accessions in common (Figures 1 and 2) . The accessions CNPH 2744 and CNPH 3835, which formed the Group II (Figure 2) , also stood together in the same group in the analysis with 56 characters (Group IV; Figure 1 ). However, CNPH 1386 and CNPH 3453 clustered in distinct groups for both analyses (Figures 1 and 2) . While CNPH 1386 assembled with CNPH 3000 in Group II (Figure 1) , CNPH 3453 formed a group of a single accession in both cases (Group VI; Figures 1 and 2 ), indicating that it diverged from the other genotypes. Only CNPH 3546 (Group III) and CNPH 3630 (Group IV) were clustered into two groups each accession (Figure 2) . Based on multidimensional scaling by principal coordinate analysis, a large group comprising 19 accessions was formed, according to the scatter plot of accessions (Figure 3 ). These data mostly agreed (84.21%) with results shown by the dendrogram in Figure 2 , and 16 accessions were assembled to form Group I (Figures 2 and 3) . Considering the other seven accessions, three of them, CNPH 3546, CNPH 3453, and CNPH 1386, formed isolated groups (Figure 2 ), Group III, Group IV, and Group V, respectively.
Molecular characterization
Eighty (16.1%) primers were selected from the PCR-RAPD-based screening and 29 (5.8%; OPA07, OPA020, OPD05, OPD11, OPQ04, OPQ11, OPS10, OPX03, OPA04, OPA08, OPA15, OPA17, OPA19, OPB08, OPC10, OPG05, OPG07, OPG11, OPH02, OPH11, OPQ11, OPX03, OPK17, OPM09, OPO02, OPO07, OPQ07, OPQ08, and OPR17) confirmed polymorphism presence among the 26 accessions, in two replicates. The 29-primer set yielded 254 amplicons, of which 194 (76.4%) were monomorphic and 60 (23.6%) polymorphic. Amplicon average per primer was 8.7 bp. However, the number of amplicons per primer varied from 7 (OPA20; OPA15; OPG11; OPH02; OPH11, and OPX03) to 14 (OPG05), amplifying DNA-fragments between 3000 bp (OPH11) and 300 bp (OPM9). The dendrogram of dissimilarity among all the accessions (Figure 4 ) was generated based on 60 polymorphic markers. A vertical line was traced on the x-axis, in a position corresponding to the average value of dissimilarity between accessions (0.315), generating five clusters of accessions.
The first group was composed of typical malagueta accessions (Figure 4 ). These accessions have as common traits upright growth habit, pubescent leaves and sparse stems, whitish-green and upright flower; cup of fruit without basal constriction; bilocular fruit, elongated and upright fruit position, fruit green when immature and red at maturity, fruit wall thickness <1 mm and low persistence (high ease of detachment when ripe; except CNPH 0595 that produced fruits with intermediate persistence). The second group consisted of only CNPH 3649. Despite having characteristics similar to the malagueta morphotype, CNPH 3649 has excessive leaf pilosity and the highest fruit weight recorded among all the accessions (1.3 g). Furthermore, it was the only accession with sparse branching density and sparse leaf density, one flower per axil and intermediate corolla, then, differing from the other accessions.
The third and largest group was formed by 19 genotypes (Figure 4) , in which intermediate growth habit was predominant, except for CNPH 3000, CNPH 3257, and CNPH 3820, which presented erect growth habit. Accessions CNPH 3667, CNPH 3630, CNPH 3257, CNPH 3000, and CNPH 2870, characterized as Tabasco morphotype, clustered in the third group.
The fourth and fifth groups were formed by CNPH 2871 and CNPH 3453, respectively. Morphologically distinct from the majority accessions, CNPH 2871 produced fruits of yellow color even when ripe, and plant shorter in height, between 66 and 85 cm. According to both morphological ( Figure 1 ) and molecular (Figure 4) clustering data, CNPH 2871 is a type of C. frutescens; however, with different characteristics.
Accessions of Tabasco morphotype (CNPH 3667, CNPH 3630, CNPH 3257, CNPH 3000, and CNPH 2870) presented fruit coloration varying from green to orange during the ripening process. A cluster of groups based on average dissimilarity among accessions had bootstrap coefficient values (Figure 4 ) equal to or higher than 86%, indicating the high reliability of clustering analysis. Furthermore, the CNPH 2871 and CNPH 3453, considered the most divergent in the studied collection, were separated from other accessions with 95 and 100% bootstrap coefficients (Figure 4 ), respectively; reinforcing the reliability of the results.
Assessment of virus incidence
Hot pepper plants of different accessions exhibited variable incidence of virus symptoms in the field. This variation occurred according to the level of resistance of each hot pepper accession to each virus species, stage of plant development at the time of infection, virus species infecting plants of each accession, infection of the same plant by different virus species, among other factors. Symptom development occurred as a green or yellow mosaic, mottling, and vein banding on leaves and leaf deformation with a reduced size. Additionally, chlorotic and necrotic rings were observed on leaves and fruits. Infected plants were stunted and exhibited a sharp reduction in plant development when compared with non-infected hot pepper plants. Symptom severity was more pronounced in plants that were infected at early stages of development or when more than one viral species were found in the same plant in common multiple virus infections. The occurrence of mixed infection makes it difficult evaluating symptoms induced by a single virus species in plants and, therefore, to make any association between field symptoms and results obtained in the serological tests.
Symptoms of viral diseases were observed about 2-3 weeks after seedling transplanting to the field, indicating that infection of plants has occurred early at seedling stage. Moreover, it also indicated that the proximity to inocula sources of viruses, represented by older Capsicum spp fields infected with viruses and infested with insect vectors, favored the occurrence of viral infection in hot pepper plants of different accessions.
The incidence of viruses for the 26 hot pepper accessions was calculated according to serological test results (Table 1) .
From a total of 307 plants, 53.4% (164 samples) were virus-infected in single or mixed infection, indicating the importance of viral pathogens to hot pepper crop. A total of 46.6% had no infection caused by PVY, PepYMV, TSWV, GRSV, CMV, or PMMoV.
The percentage of virus-infected plants ranged between 12.1% (37 samples) for PVY and 32.6% (100) to PMMoV. The other virus species, TSWV, PepYMV, and GRSV, occurred in 59 (17.3%), 52 (15.2%), and 45 (13.2%) plants, respectively. No CMV-infected plant was found.
Infection by orthotospoviruses ranged from 5.6% (TSWV and GRSV: CNPH 3286) to 58.3% (TSWV: CNPH 0063); however, in seven accessions, these viruses were not found (Table 1) . TSWV was the most common orthotospovirus species infecting hot pepper plants; for nine accessions, the incidence of TSWV was considered high (>30%), for six, average (20.1 to 30%) and, for nine, low (up to 20% of infected plants). Serological results for GRSV were similar, with four accessions with high infection rate, six in average, and ten low.
The potyviruses (PVY; PepYMV) were detected in 35% of the plants. Virus incidence ranged from 6.7% (PVY: CNPH 3667) to 58.3% (PepYMV: CNPH 2631). These results indicate the importance of both viruses, especially PepYMV, to hot pepper crop. The percentage of PepYMV-infected plants was considered as high for five accessions, the average for one, and as low for twelve accessions. PVY incidence was classified as high (four accessions), as average (four), and low (seven). Plants of eight and eleven accessions, respectively, were not infected with PepYMV and PVY. However, for both viruses, no infection was detected in the accessions CNPH 0597, CNPH 3241, CNPH 3499, and CNPH 3819.
PMMoV infection was verified in plants of 61.5% of the 26 accessions, with an incidence ranging from 6.7% (CNPH 3746) to 100% (CNPH 2871). However, for four accessions (CNPH 0597; CNPH 3499; CNPH 3649; CNPH 3820) no PMMoV-infected plants were detected. For only CNPH 2869, the PMMoV incidence was considered as average, and in five accessions (CNPH 2631; CNPH 3241; CNPH 3453; CNPH 3462; CNPH 3667) it was low. PMMoV is a highly important virus considering its nature of being naturally seed and mechanically transmitted in the field, as well.
Considering the other analyses performed on the 26 accessions, CNPH 3241, CNPH 3746, CNPH 3819, CNPH 3630, CNPH 3667, and CNPH 3286 that gathered together into a single group for the molecular analysis (Group III; Figure 4) were also in the same group of accession considered as susceptible to PMMoV. However, these genotypes were classified into distinct groups (Groups I and IV) on morphological descriptors (Figure 1) . The accession CNPH 2871 was highly susceptible to TSWV (50%), GRSV (50%), PVY (37.5%), and PMMoV (100%); however, no PepYMV-infected plants were identified for this genotype.
Distinct morphological characteristics and low virus incidence were observed for CNPH 3649 originating from Northeastern Brazil. It clustered together with CNPH 3257, in Group III for morphological traits (Figure 1 ) and formed a separate group (Group II) in the molecular analysis (Figure 4) . This divergent access, CNPH 3649, also had unique 3 g ).
The accessions CNPH 3499 and CNPH 3649 are important to be highlighted because of lower incidence of viral diseases in the field. CNPH 3499 also had a greater wall thickness (1.2 mm), which makes it a promising source of pulp. Furthermore, it was grouped with several other genotypes regarding the morphological descriptors (Group I) and the molecular characterization (Group II) (Figures 1 and 4) . CNPH 3241, CNPH 3746, CNPH 3819, CNPH 3630, CNPH 3667, and CNPH 3286 also presented reduced number of virus-infected plants; however, the incidence of PMMoV estimated by serological tests in plants of these genotypes varied from low for both the first accessions to high for the others (Table 1) .
DISCUSSION
In a hot pepper breeding program, it should be considered a group of morphoagronomical characteristics of the working collection, fruit quality, market requirements, and preferences, as well as different forms of pepper consumption: fresh, bottled sauces, or liquids . For fresh market, malagueta fruits with larger size and weight are preferred and CNPH 3649 (fruit length = 3.5 cm, width = 1 cm, weight = 1.3 g, wall thickness = 1 mm) and CNPH 3453 (fruit length = 3.9 cm, width = 0.8 cm, weight = 1.1 g, wall thickness = 0.9 mm) meet these requirements. However, if they are for processing, fruits must be adapted to filling or small and preferably fruit to be easily detachable from the cup (low persistence), and that result in no wounds to prevent browning after packaging. Accessions CNPH 0595, CNPH 1386 , CNPH 2869 , CNPH 2870 , CNPH 2871 , and CNPH 3630 meet the requirements for being processed. Also, CNPH 3630 was the earliest (39 days to flowering) among all accessions and produced the greatest number of flowers (3-5 per axil), considered as an important feature for breeding programs since it favors the attainment of higher yields.
Despite having small fruits, malagueta and Tabasco pepper types are used in the manufacture of liquid sauces, eaten raw, or mixed with other hot pepper types in the preparation of spicy sauces . Then, fruit with greater wall thickness provides higher amounts of pulp such as CNPH 3499 (1.2 mm), CNPH 3630 (1.0 mm), CNPH 3649 (1.0 mm), and CNPH 3820 (1.0 mm), which attend this niche market.
All accessions characterized in the present study showed uniform characteristics and no segregation was detected in plant or fruit, as well. The main fruit characteristics displayed were: small, elongated shape, usually red color when ripe, very thin wall thickness, and high concentration of capsaicin (the alkaloid that gives chili burning). These data are in agreement with DeWitt and Bosland (2009) and indicate low morphological variability within C. frutescens species, especially regarding fruit shape and color, when compared to other domesticated hot pepper species of the same genus. From our results, five Tabasco accessions (CNPH 3667, CNPH 3630, CNPH 3257, CNPH 3000, and CNPH 2870) differed from the other accessions by presenting distinct fruit color change throughout the ripening process. While for Tabasco type, fruit color varied from pale green, pale yellow, orange, and red from immature to mature stages, for the common malagueta, a color change occurs from green to red during the ripening process. However, despite having this remarkable difference on a specific fruit trait, it was not expected that Tabasco type cluster in diverse groups, aside from the common malaguetas, as shown by morphological and molecular characterization results (Figures 1, 2 , and 4). Considering that Tabasco is the only C. frutescens considered to be domesticated (Pickersgill, 1971) and that Tabasco genotypes have been grouped indistinctly with malagueta on morphological and molecular analyses presented herein, results demonstrate the high genetic similarity between these two groups, and suggest that Tabasco may have been selected and domesticated from wild populations of malagueta.
Some accessions of C. chinense can be confused with C. frutescens due to close genetic similarity. The main morphological distinction between these species is the presence of the annular constriction, located between the calyx and peduncle, found only in fruits of C. chinense (Carvalho et al., 2014) . In the present study, this trait was not identified for all accessions, confirming their identification as C. frutescens.
A different morphological type observed in this study was CNPH 2871, which showed a yellow fruit when ripe and, thus, distinct from the other accessions studied in both morphological and molecular characterization. DeWitt and Bosland (2009) (Barbosa et al., 2010) .
Positioning CNPH 2871 (yellow when ripe) and CNPH 3649 (hairy leaves), which showed unique characteristics in relation to the collection studied, also indicates the presence of correlation between morphological evaluation carried out based on qualitative data and molecular analysis, since in both analyses, these genotypes were separated from the larger groups, consisting predominantly of the common hot peppers. Accession CNPH 2871 also presented virus incidence of 37.5, 50, and 100%, respectively, for PVY, TSWV, and GRSV and, PMMoV. However, no PepYMV-infected plants were detected; this is an interesting result, considering that PepYMV, described by Inoue-Nagata et al. (2002) , became an important virus to Capsicum spp in Brazil and had been detected in most of the pepper-producing regions of the country. Thus, the search for sources of resistance to PepYMV has been carried out aiming to identify promising genotypes to be used in breeding programs. The resistance to PepYMV in hot pepper has been reported in the cultivar BRS Mari (C. baccatum) launched by Embrapa Vegetables (Carvalho et al., 2009) .
A comparison of the groups set based on molecular analysis with those resulting from morphological characterization indicated the consistency of the results. For all methodologies used, accession CNPH 3453 was the most divergent within the germplasm collection evaluated. It produces pale-orange fruits and, based on its morphological characteristics in comparison to the characterization of C. chinense (Finger et al., 2010; Baba et al., 2016) such accession may belong to the C. chinense species and had been mistakenly allocated in the C. frutescens bank. In the three cluster analysis, CNPH 3453 formed a separate group (Figures 1, 2, and 4) . It is worth to point out that the CNPH 3453 genotype could not be accurately classified as C. frutescens solely according to morphological traits.
For most of the plants tested, virus infection was detected with variable incidence among different accessions. Failure to detect these types of viruses in the tested plants indicates that, although some plants were symptomatic, these plants were not infected with TSWV, GRSV, TCSV, PVY, PepYMV, CMV, and PMMoV or these viruses might be present in low concentration in plants. In this case, the title would be below the detection threshold of the technique. Another hypothesis is that the symptoms could have been induced by different virus species from those previously mentioned. The positive control reacted as expected with high values of absorbance, and the values for the positive samples were at least twice more than those of the negative control, indicating that the ELISA was performed correctly. The results also indicate that the antisera used in the evaluations were efficient in detecting these viruses consistently and specifically in the evaluated plants.
The reaction of pepper accessions to natural infection with orthotospoviruses (TSWV; GRSV), potyviruses (PVY; PepYMV), tobamovirus (PMMoV), and cucumovirus (CMV) in the field was quite variable, revealing different levels of resistance of the hot pepper accessions to the different species of viruses (Table 1 ). The predominance of PMMoV among the detected viruses (Lima et al., 2011b) reaffirms its high efficiency of transmission through seeds and during cultivation. The available methods for treatment of PMMoV-infected seeds use heat and trisodium phosphate trying to remove the virus and controlling seed transmission (Jarret et al., 2008) . Among the plants that tested positive for PMMoV, many of them may have been infected in the field during the crop management practices, indicating the importance of mechanical transmission of PMMoV from plants originated from infected seeds, which is the primary virus inoculum, to healthy plants. According to Lewandowski (1999) , PMMoV is transmitted between plants by mechanical contact with sources contaminated with the virus and through the soil and seeds. The importance of PMMoV to the hot pepper crop and its detection in most accessions tested indicate the need for developing effective and efficient strategies for disease management. In addition to its placement in contaminated seed, it must also be considered the simple mechanical transmission of the virus, the high stability of viral particles that can be easily spread in the field through the hands of workers, and contact between plants. This virus can be easily spread in the crop and cause significant economic losses.
All these results reveal the correspondence between the data generated herein from the study of 26 C. frutescens accessions by using different approaches, morphological descriptors, molecular characterization, and reaction to viruses. Besides, these data reaffirm the importance of the viral diseases to the hot pepper cultivation, which is the major constraint to C. frutescens production, in Brazil (Lima et al. 2011a ). Thus, identification of sources of resistance to these pathogens to be used in breeding programs for incorporation into commercial cultivars having favorable agronomic characteristics is highly desirable.
Phenotypic and genotypic variability was observed between the C. frutescens accessions evaluated herein, as well as the occurrence of a short distance between the morphological and molecular characterization data generated. The information generated by the characterization of 26 different accessions, especially those related to fruit, is essential to the progress of the Capsicum breeding program of Embrapa Vegetables. The evaluation of malagueta and Tabasco hot pepper accessions in a Germplasm Bank is necessary and important to generate information on genetic variability to serve as a support to the development of crop management strategies, as well as to the Capsicum breeding program.
